New data are reported for the mass-spectrometry fragmentation patterns of helium clusters, either pure or containing a Ne or an Ar atom. The patterns for He n + and Ar + He n show clear evidence of structure, while those of Ne + He n do not. To better understand the surprising result for the Ne + He n fragments, diffusion quantum Monte Carlo ͑DMC͒ calculations of the energies and structural properties of these ions were performed using a diatomics-in-molecule ͑DIM͒ parametrization of the potential energy. Using DIM for electronic energy evaluation allows us to sample 10 9 configurations even for a cluster as large as Ne + He 14 . The results of the DMC calculation are very surprising. For n Ͼ 7, the DMC random walkers rarely venture within 100 cm −1 of the minimum potential energy. Analysis of the resulting particle density distributions shows that the zero-point energy does more than spread the wave function around the potential-energy minima, resulting in very diffuse wave functions. For some of the clusters the quantum effects nearly exclude the region of the potential minimum from the overall wave function. An important result of this effect is that the incremental bonding energy of the nth helium atom varies quite smoothly with n, for n Ͼ 5. This eliminates the expected shell structure and explains the lack of magic-number-type features in the data.
New data are reported for the mass-spectrometry fragmentation patterns of helium clusters, either pure or containing a Ne or an Ar atom. The patterns for He n + and Ar + He n show clear evidence of structure, while those of Ne + He n do not. To better understand the surprising result for the Ne + He n fragments, diffusion quantum Monte Carlo ͑DMC͒ calculations of the energies and structural properties of these ions were performed using a diatomics-in-molecule ͑DIM͒ parametrization of the potential energy. Using DIM for electronic energy evaluation allows us to sample 10 9 configurations even for a cluster as large as Ne + He 14 . The results of the DMC calculation are very surprising. For n Ͼ 7, the DMC random walkers rarely venture within 100 cm −1 of the minimum potential energy. Analysis of the resulting particle density distributions shows that the zero-point energy does more than spread the wave function around the potential-energy minima, resulting in very diffuse wave functions. For some of the clusters the quantum effects nearly exclude the region of the potential minimum from the overall wave function. An important result of this effect is that the incremental bonding energy of the nth helium atom varies quite smoothly with n, for n Ͼ 5. This eliminates the expected shell structure and explains the lack of magic-number-type features in the data. 
I. INTRODUCTION
Doped helium clusters have attracted significant attention because they provide a homogeneous and extremely cold environment for spectroscopic studies at much higher resolution than is possible using conventional matrices. [1] [2] [3] Another application of helium clusters is the controlled assembly of metastable species. 4 The final stage of most of these experiments is the electron-impact ionization of the doped cluster, He N D. This leads to a violent fragmentation of the neutral parent that is surprisingly difficult to predict, even in the relatively simple case where the dopant is one or more rare gas atoms. [5] [6] [7] [8] A better understanding of this fragmentation process would greatly aid the interpretation of the mass spectra in terms of the initial composition of the neutral species. Usually, a progression of peaks of the type He n D + appears in the mass spectrum, where n Ӷ N. In the case of polyatomic dopants, however, fragmentation of the dopant can also occur. 9 As part of an ongoing experimental and theoretical study of the dynamics of the ionization process, we are investigating the relative stabilities of small mixed-cluster ions. 10 Atomic dopants are clearly the best candidates for common ground between experiments and theoretical modeling. Usually, the large difference in ionization energies between helium, 24.6 eV, and most dopants assures that the charge will become localized on the dopant atom so that the attraction of the helium atoms can be reasonably well described by model potentials that contain the electrostatic and van der Waals forces. In the case of Ar + He n , for instance, 12 He atoms probably form a nearly symmetric shell around the Ar + core, yielding a "magic number" for the Ar + He 12 mass peak. 6 However, when there is no dopant atom, or the dopant atom is Ne, the situation is more complicated. The molecular ions He 2 + , He 3 + , Ne + He, and Ne + He 2 are each chemically bonded. This results in a nonsymmetric core ion at the center of He n + and Ne + He n clusters. A diatomics-in-molecule ͑DIM͒ study of the He n + potential-energy surfaces 11 suggests magic numbers of n = 7 and 10, but does not explain the strong n =14 magic number that is observed. 12, 13 Ab initio calculations do not support the DIM prediction of a magic number for n =7.
14 Two DIM studies of the Ne + He n potential-energy surfaces present somewhat different views of the bonding.
the Ne ion, D e = 0.6 eV, and the second He atom is less strongly bonded, D e = 0.1 eV. For the more recent DIM model, the stabilities of subsequent He atoms decrease in a stepwise fashion as sites closest to the core-ion charge are filled. Atoms 3 through 7 fill a ring around the strong coreion bond with D e Ϸ 0.035 eV/ atom; atoms 8 through 12 fill a ring around the weaker core-ion bond with D e Ϸ 0.023 eV/ atom; atoms 13, 14, and 15 add to the end of the strong core-ion bond, D e Ϸ 0.011 eV/ atom; and atoms 16, 17, and 18 add to the end of the weak core-ion bond, D e Ϸ 0.003 eV. All subsequent atoms are mainly attracted to the cluster via van der Waals and long-range electrostatic forces. Thus, one might expect a fragmentation pattern reflecting this "staircase" of fragment ion stabilities. The previously published DIM potential shows similar, but less monotonic trends. 15 Ion drift experiments 16 suggest that Ne + He n has a magic number for n = 11, but mass spectrometry experiments show no evidence for extra intensity indicative of magic numbers. 7 In this paper we reexamine the mass spectra of pure helium clusters and helium clusters doped with a Ne or Ar atom to provide better precision on relative ion intensities for several initial cluster sizes. The results are largely consistent with previous work, but extra precision is provided. In the case of ionized pure helium clusters, the experimentally observed distributions of He n + peaks are strongly skewed toward smaller values of n, even when the initial neutral cluster is very large. Magic numbers appear for n = 10 and 14. The n = 10 magic number agrees with the DIM prediction but disagrees with ion drift experiments, which suggest a value of n =9. 16 The n = 14 magic number, also seen in ion drift experiments, has been ascribed to an icosahedral shell surrounding a He 2 + core ion. Ionization of a helium cluster containing a single Ar atom yields a significant drop in intensity between n = 12 and n = 13 for the Ar + He n fragments, 6 consistent with an icosahedral first shell of 12 more strongly bonded helium atoms surrounding Ar + as the core ion. The ion drift experiments also find Ar + He 12 to be especially stable. 16 If the helium cluster initially contains more than one Ar atom, then the most intense mass peak is usually the strongly bonded Ar 2 + ion. Ionization of helium clusters containing Ne atoms has proven to be especially difficult to understand. 7, 17 No fragment peak is particularly intense, including the small clusters for which chemical bonding should occur. This, in addition to the fact that the Ne + He n distribution of peaks falls under the He n+5 + peaks, complicates the interpretation of the data.
The wave functions of neutral helium clusters, with or without a guest dopant, are strongly delocalized and span many potential minima. So, the concept of structure as a particular arrangement of atoms ceases to be useful. The stronger bonding in ionic helium clusters is expected to reduce delocalization to some extent, especially in the immediate vicinity of the charge, but a wave function delocalized over many potential minima is still likely. The importance of this effect remains largely unexplored, and is a particular focus of this paper. Theoretical modeling of the Ne + He n system has to allow for sufficient flexibility in order to account for ͑i͒ the possibility of charge delocalization, ͑ii͒ the existence of bonding hierarchies and ion core structures that might evolve with cluster size, ͑iii͒ the possibility of active exchange between chemically and van der Waals bonded helium atoms, and ͑iv͒ quantum-mechanical zero-point-energy effects. The combination of the DIM potential with the diffusion quantum Monte Carlo ͑DMC͒ implementation employed in this study meets these demanding criteria.
When more than six helium atoms are attached to the Ne + core ion, the results of the DMC calculations are very surprising. Normally, for a floppy system, one expects the wave function to be broadly dispersed about the potentialenergy minimum. For these clusters, in contrast, the wave function has surprisingly small amplitudes in the region of the global potential minimum. So, analysis of the potentialenergy function gives little insight into the geometry of the clusters. Also, the bonding energy of the nth helium atoms changes smoothly with n, so the DMC calculations predict no special stability, or lack of stability, for any particular value of n, for 2 Ͻ n Ͻ 15.
Section II of the paper presents the new experimental work. This is followed by remarks about the DIM potential, a description of the application of the DMC method to Ne + He n and the results obtained. In Section VI, an interpretation of the current and previous experimental work in light of the theory is given. Finally, the conclusions of this study are presented.
II. EXPERIMENTAL WORK
Molecular beams of helium clusters are formed by standard supersonic expansions 1,2 and detailed descriptions of the apparatus used in these experiments have been previously published. 6 Comparisons with earlier data indicate that the measured nozzle temperature was about 1 K higher than the true temperature. We thus believe that the cluster size estimates reported in earlier work were somewhat smaller than the true values. Since molecular beams consist of distributions of cluster sizes, with control over only the mean, the quality of the published work remains intact. The significance rests in the fact that lower source temperatures correlate with larger clusters, and vice versa.
The pick-up process is extremely efficient for doping helium clusters, yet care is needed to minimize pick up of background gases. Droplets spanning the range of 1000-8000 helium atoms kept contamination from background gases from becoming problematic. As in the earlier work, all data were taken with 20-bar source pressure expanding through a 5-m-diameter pinhole; the mean cluster size was varied by changing the source temperature. As a rough estimate of cluster sizes, we use the correlation calculated by Lewerenz et al. 18 After passing through a 1-mm skimmer, the clusters pass through a 10-cm pick-up region before traveling to the quadrupole mass spectrometer. The clusters were either left pure or doped with neon or argon; the dopant gas pressure in the pick-up region was controlled using a needle leak valve. For each nozzle temperature, the pressure was optimized to limit pick up of a second dopant atom. Overly high pressures are easily detectable by the resulting strong Ne 2 + or Ar 2 + intensities.
In the mass spectrograms, the Ne + He n and He n+5 + peaks are coincident. The same is true for the Ar + He n and He n+10 + mass peaks. So, in addition to background subtraction, the doped cluster peaks needed to be extracted from those of the pure clusters. This is critical to obtain relative intensity data for the sequence of ionic clusters. For the Ar study, the intensity of the helium cluster ion progression diminished significantly by n = 10, which allowed for relatively easy separation. However, the He n+5 + intensities are always quite large relative to the coincident Ne + He n intensities. This problem was resolved by monitoring peaks corresponding to the 22 Ne + He n isotopic species with 10% abundance relative to 20 Ne + He n . Although the minor isotopic species yield lower intensities, the peaks fall between those of the helium cluster peaks giving better signal-to-noise ratios. Multiple data sets were averaged to ensure reliable error bars on the relative intensity data for each system studied. Additionally, data were taken at multiple temperatures ͑to change the mean cluster size, ͗N͒͘ to verify the presence of ͑or lack of͒ magic numbers.
For the pure helium cluster data, the mass spectrograms were sequentially recorded with and without the helium beam and the background was directly subtracted from the cluster data. The resulting data is shown in Fig. 1 . In order to compare data for different ͗N͘, intensities were normalized over the mass peaks n =4-23 excluding n = 7 and 8, which correspond to strong N 2 + and O 2 + background peaks. Error bars ͑shown when they are larger than the data symbol͒ represent one standard deviation. Note the especially intense peaks for n = 10 and n = 14. DIM calculations predict extra stability for n = 10. 11 The n = 14 peak has been attributed to an icosahedral shell of helium atoms surrounding the strongly bound He 2 + core ion. 13 The main effect of reducing the source temperature is to slightly shift the entire distribution toward larger n values with little change in the relative intensities. The surprisingly small correlation between initial neutral cluster size and the fragment distribution has been previously discussed. 12 Since the Ar + He n ion peaks coincided with the underlying helium cluster peaks, data extraction required a more complicated background subtraction procedure. Background scans were recorded and subtracted from the data as described above. Additionally, pure helium spectra were recorded. The pure, background-free clusters were scaled before subtracting them from the argon data to account for the fact that Ar removes helium clusters from the beam. The scaling factor was obtained from the decrease of mass peaks 24 and 36 amu, corresponding to He 6 + and He 9 + , upon argon pick up. The resulting data is shown in Fig. 2 . Normalization was carried out over n =1 to n = 16 except that n = 10, which coincides with Ar 2 + , was excluded ͑and is not shown͒. n =2 ͑a core ion͒ and 7 show extra intensity and there is a significant drop in intensity between n = 12 and n = 13. This decrease is attributed to filling the first solvation shell around the Ar + core ion at n = 12. Again, increasing ͗N͘ illustrates the robust nature of magic numbers in this system. Since the 22 Ne isotope was used to monitor Ne + He n cluster ions, there was no need to subtract signals due to helium cluster ions; only the background was subtracted as described for the He n + system. The data shown in Fig. 3 were normalized over the range n =0 to n = 24. n = 5, corresponding to ͑ 22 Ne 20 Ne͒ + , and n = 14, corresponding to an intense background peak, were excluded from the normalization. The Ne + He n cluster data show a generally smooth variation with n. Although close inspection shows some structure, this is not nearly as pronounced as that of the pure helium cluster ions or those doped with a single Ar atom. Also, the weak structure is not independent of source temperature as it was for the other two cases. There is no clear evidence of shell filling or other magic numbers. As was noted in previous work, 7 the "core-ion" peaks, n = 1 and 2, are surprisingly weak. For peaks with n Ͼ 7, which are less affected by the background subtraction, the progressions are especially smooth.
FIG. 1. Relative ion intensities for
He n + vs n for three source temperatures. Note the pronounced peaks at n =10 and n =14.
FIG. 2. The Ar
+ He n relative ion intensity vs n for three source temperatures. n = 2 and 7 show extra intensity, and there is a dramatic drop in intensity between n = 12 and n = 13. This decrease is attributed to filling the first solvation shell around the Ar + core ion at n = 12.
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III. THE DIM POTENTIAL
Quantum calculations of Ne + He n cluster wave functions require an efficient potential-energy routine without structural biases. The DIM method satisfies these criteria. Although two recent DIM implementations 10,15 result in somewhat different conclusions regarding the details of the geometry of the potential minima, both result in similar overall topology with extremely broad minima in the symmetric stretch coordinate of the core Ne + He 2 ion. For both implementations subsequent helium atoms are attached to the core by rather weak forces, but the details of the bond energy hierarchies for the weakly attached helium atoms are slightly different. We doubt that the results presented here are too sensitive to these details, since, as shown below, the groundstate wave function obtained by DMC is quite diffuse and spans the multiple minima of the potential. We have improved the numerical accuracy and optimized the DIM code of Seong et al., 10 so that 10 8 to 10 9 configurations can be sampled per DMC calculation.
The diagonalization of the DIM matrix provides eigenvalues for all electronic excited states that correlate to the first ionization energy of either neon or helium. The DMC calculations only use the adiabatic ground-state eigenvalues. However, to be sure that excited states do not contribute to the electronic structure of the cluster ground states the second eigenvalue of the DIM was always monitored and was never found to be less than 0.5 eV above the ground-state energy ͑including zero-point energy͒. Potential-energy differences as small as 250 cm −1 between the ground and first excited electronic states were encountered in regions of very high values of the ground-state potential, which are occasionally sampled in the small amplitude wings of the vibrational wave function. Thus, the assumption of a single electronic state relevant for the dynamics of these clusters is expected to be robust. The eigenvectors of the DIM matrix were used to compute vibrationally averaged expectation values of atomic charges.
IV. DIFFUSION MONTE CARLO IMPLEMENTATION
Quantum Monte Carlo methods are a powerful tool for calculating ground-state quantum properties of many-body systems. 19 For bosonic systems no approximations beyond the nonrelativistic Schrödinger equation and the existence of a Born-Oppenheimer surface are made and the accuracy of the method is limited only by stochastic sampling noise. The uniform accuracy for many-body systems of varying size allows detailed and unbiased studies of size-dependent effects. The method was originally proposed for electronic problems, [20] [21] [22] but it is equally applicable and, in many ways, more easily implemented for vibrational problems.
All calculations in this work used an improved version of a diffusion quantum Monte Carlo code, whose essential features have been described in detail in previous publications. 23, 24 The possibility of profound particle rearrangements makes it very difficult to construct trial wave functions, ⌿ T , which are at the same time both accurate and free of structural bias. The present calculations were performed with trial wave functions of modest quality that conserved the full interchange symmetry of all helium atoms. The wave functions take into account the short-range repulsion between atom pairs and the long-range exponential decay of the wave function. The generic form of ⌿ T for an atomic dopant, D, in He is 
FIG. 3. The relative intensity of Ne
+ He n ions vs n for three source temperatures. Other than for the core-ion peaks, n = 1 and 2, no temperature independent pattern of intensities is evident. In particular, there is no evidence of a magic number for n =11.
͑1͒
The functions D ͑r͒ and He ͑r͒ are Fermi-type functions, ͑r͒ =1/͑1 + exp͓f 1 ͑r − f 2 ͔͒͒ where f 1 =1/a 0 and f 2 =9a 0 ͒ for He, that ensure asymptotic exponential decay without any structural bias at short range. All r coordinates are defined relative to the center of mass of the cluster. The Jastrow-type pair functions, ⌽ = a / r 5 , depend on interparticle distances r ij and describe short-range repulsion. A value of a Ϸ 3000a 0 5 for ⌽ HeHe was found to be appropriate for neutral helium clusters and is also well adapted for the description of helium atoms outside the ion core. However, to include the ion core, a = 1500a 0 5 was used to avoid biasing the calculations. For the Ne dopant, Ne and NeHe were taken as constant, i.e., f 1 =0. Correct exchange symmetry is ensured by using a single type of function for each particle and pair type.
The study reported here was complicated by three important phenomena. First, the stiff core ion requires that short time increments be used in the calculation. Second, the final DMC geometry distributions for the larger clusters were very different from the geometries of the DIM potential minima, and a stationary random-walker distribution was reached only after a very long imaginary time propagation, several 10 6 a.u. Third, helium-atom exchange between the stiff core ion and the soft outer-shell region needed to be properly incorporated.
To ensure that these problems did not affect the accuracy of our results, the convergence to the stationary state was monitored by autocorrelation function analysis. Calculations were carried out for imaginary time steps, ⌬, ranging from 100 a.u. down to 5 a.u. in order to quantify the time-step error. All reported energies are the result of an extrapolation to ⌬ = 0 and are given with a 1 error bar. Samples for energy and structural parameters were only gathered after equilibration to a ground-state ensemble had been achieved. To double check the results, we performed an additional stability analysis. The final DMC distributions were arbitrarily recontaminated with configurations close to the DIM minimum structure. The DMC random-walker ensemble quickly eliminated these geometries in the usual stochastic termination algorithm. 23 Expectation values and density profiles for each cluster were calculated by the method of descendant weighting 25 and convergence of the weights was checked by varying the accumulation time for the descendants. Given the difficult aspects of these calculations, they provide a challenging test case for the DMC method.
V. DIFFUSION MONTE CARLO RESULTS
The DMC distribution functions differ substantially from those expected from the DIM global energy minima. The same is true of the pattern of cluster energies. The variation of the global minimum energy, V min , and the stepwise drop off of the energy needed to remove the last helium from Ne + He n , ⌬V min , are plotted in Fig. 4 and listed in Table I , as are the DMC energy counterparts, E 0 DMC and ⌬E 0 DMC , respectively. The data in Fig. 4 and Table I show that the incremental change in the potential energy to remove the last helium atom is roughly constant at 290 cm −1 for 2 ഛ n ഛ 6, drops to 200 cm −1 for 8 ഛ n ഛ 12, and drops to less than 150 cm −1 for n Ͼ 12. The reason for this pattern has been discussed previously. 10 Briefly, He-Ne + -He is a linear, asymmetric core ion. The third through seventh helium atoms form a ring around the stronger of the two Ne + He 2 core-ion bonds, the eighth through 12th helium atoms form a ring around the weaker of the two core-ion bonds, and subsequent helium atoms add to the ends of the core ions. The geometries predicted by the potential energy for these ions involve quite short He-He and He-Ne bonds. The incremental DMC energy for removing the nth helium atom shows a very different pattern. The energy to remove a helium atom is 180 cm −1 for 3 ഛ n ഛ 5 and then drops off quite smoothly for higher n values. The underlying pattern of the potential-energy changes is completely smoothed out by changes in the kinetic energy, ͗T͘. Starting from ͗T͘ = 275 cm −1 for the ionic core, ͗T͘ increases linearly with cluster size by 16 cm −1 per helium atom for 3 ഛ n ഛ 6 and by 13 cm −1 per additional helium atom for 8 ഛ n ഛ 13. However, there is a large jump ͑over 50 cm −1 ͒ in the kinetic energy at n = 7. This reinforces the conclusion that it is specifically the kinetic energy that prevents the five noncore helium atoms of Ne + He 7 to fall into the deeper, but highly constrained global minimum of the potential. As will be shown below, this large change in zeropoint energy results in a wave function that almost completely neglects the deepest potential well for Ne + He 7 . It is both important and interesting to further characterize the unexpected divergence of the quantum-mechanical cluster geometries from the predictions based on the potential-energy surface.
Below n = 5, the quantum effects on the ion structures are about what would be expected; zero-point energy causes the helium atoms to delocalize in the region of the potentialenergy minimum and spill over into adjacent minima. The diffusion quantum Monte Carlo calculation preserves the classical picture of a strongly bonded Ne + He 2 core ion with 77% of the charge on the Ne atom and the other 23% distributed over the two core helium atoms. Negligible charge is transferred to the other helium atoms. However, the quantum core ion is different from the classical one in one important respect: the wave function is delocalized over the two equivalent asymmetric structures. This means that the third and subsequent He atoms cannot simply add to one of the two core-ion bonds. Understanding this phenomenon requires a detailed consideration of how the wave function spans multiple potential minima.
The complication due to core-ion tunneling is illustrated for Ne + He 3 in Fig. 5 . First, the shorter, stronger core-ion He-Ne bond can be either on the left l or right r side of the Ne atom. The tunneling between these limits is analogous to the tunneling between the two pyramidal ammonia structures. The analogy extends to the fact that the core ion will have large dipole matrix elements even though the average geometry is symmetrical. Second, the more weakly bonded "belt" helium can also be either on the left L or right R side of the Ne atom. Again, it is useful to make the analogy to an ammonia molecule with an attached helium atom. The coupling of the loosely bonded helium atom to the core tunneling is a complex issue. Combining these two types of geometry parameters results in four local minima, which are denoted lL, rL, lR, and rR. lL, and rR represent the equivalent global potential-energy minima and rL and lR are the local minima. Discussion of the concept of structure for Ne + He 3 is complicated by the fact that the wave function samples each of these local minima and all of the saddles that separate them.
To characterize the spread of the wave function over the potential-energy minima, a representative sample of DMC configurations was "cooled" by steepest descents into the "catchment basin" of the nearest potential-energy well. Although only an infinitesimal fraction of the wave function has a structure exactly corresponding to the geometry of any minimum, a significant fraction of the wave function may be on a portion of the potential-energy function that would anneal to the minimum in a classical cooling process. We refer to all such structures as being in the catchment basin of the minimum. So, for the example of Fig. 5 , there are two catchment basins for the Ne + He 3 ion. We find that the Ne + He 3 ion has a 63% probability of being in the catchment basin of a global minimum and a 37% probability of being in the catchment basin of the other local minima.
For the Ne + He 7 ion, the quantum effects are much more complicated than for Ne + He 3 and the resulting wave function is even more difficult to describe concisely. First, note that V min DMC for Ne + He 7 is 130 cm −1 larger than V min , V min DMC is the lowest potential energy sampled by a large number ͑typi-cally, a few 10 7 ͒ of DMC calls to the DIM potential after the calculation equilibrates. The fact that so many potentialenergy calls never yield a value close to the global potential minimum means that the wave function has a vanishingly small amplitude near the minimum. When a representative sample of Ne + He 7 configurations is cooled into catchment basins, eight distinct local minima are identified for each core-ion tunneling doublet. Thus a figure analogous to Fig. 5 for the Ne + He 7 ion would be extremely complicated. Instead, Fig. 6 shows an abbreviated analysis of the Ne + He 7 and Ne + He 11 wave functions. Each minimum-energy structure encountered in the annealing procedure is characterized by its potential energy, inertial tensor, and harmonic frequencies. This allows us to ensure that each minimum is unique and to characterize its properties. This analysis is convenient for obtaining minima because it requires neither previous determination of the various minima nor, even more important, any knowledge of the saddle points between the minima. The lower portion of Fig. 6 gives the potential energy of each local minimum, V min , along with a bar graph of the relative importance of that minimum in the total wave function. The top of each graph shows the total energy for the cluster, E 0 DMC , and the harmonic approximation for the total energy, E 0 H for each minimum geometry. The most surprising result of this analysis for Ne + He 7 is that the probability of being in the catchment basin of the global minimum, corresponding to five helium atoms forming a belt around the stronger of the two core-ion bonds, is less than 10%. Instead, the most probable geometry, with 23 cm −1 higher potential energy, has four helium atoms forming a belt around the strong core-ion bond and one helium atom on the other side of the core ion. Analysis of the FIG. 5 . A schematic representation of the atomic geometries for the global minima, labeled lL and rR, and two local minima, labeled lR and rL, of Ne + He 3 . l and r indicate that the shorter of the two core-ion bonds is on the left or right side, respectively. L and R indicate that the loosely attached helium atom is on the left or right side, respectively. The wave function spans all of these minima and the saddles that separate them. 63% of the probability density is over the "catchment basin" of the global minimum and 37% is over the local minima.
DIM potential shows that the barrier between this local minimum and the global minimum is 7 cm −1 . Even smaller barriers separate the higher-energy minima. The other half of the probability density for Ne + He 7 is spread over the catchment basins of six higher potential-energy geometries.
For Ne + He 11 there is a 40% probability of being in the catchment basin of the global minimum even though the lowest potential sampled by a large number of DMC calls was 372 cm −1 above the global minimum value. In this case, there is almost no probability of being near the secondlowest minimum and a 60% probability of being in the catchment basins of higher-energy minima. Ne + He 11 is particularly interesting because the high-energy catchment basins that are populated all involve at least one of the helium atoms moving from one of the rings around the core ion to one of the ends of the core ion. In other words, there is a 60% probability that one of the helium atoms in Ne + He 11 has moved to a position where it is no longer in contact with the Ne + , which retains most of the charge in the cluster. This only occurs for n ജ 13 for the classical minimum.
Another interesting result for most of the clusters is that the harmonic approximation for the cluster energy is largely independent of which local minimum is used to calculate it. There are two reasons for this. First, a large fraction of the harmonic energy is due to the ion core. Second, the lowpotential-energy structures tend to be associated with higher frequencies, compensating for the differences in potential energy. In all cases, the cluster DMC energy is far above that of the highest potential minimum observed by the cooling procedure.
Further insight into the quantum helium atom positions can be gained by looking at two-dimensional ͑2D͒ density distributions of atoms relative to a cluster-fixed axis, defined as follows. At the start of each calculation the helium atoms are numbered. The helium atoms of the short and long coreion bonds are numbered 1 and 2, respectively. The z axis of a cylindrical coordinate system is defined as the line that passes from atom 1 ͑negative z͒ to atom 2. z = 0 is taken to be halfway between the two defining atoms. During the calculation the cluster configurations are periodically analyzed by binning the ͑r , z͒ coordinates of the neon atom and of all helium atoms, except the two reference atoms, into a 2D histogram. The histogram is weighted proportional to ⌿ 0 2 and normalized with respect to the number of atoms. Thus each histogram represents a particle density distribution. Figure 7 shows two versions of these density maps for Ne + He 5 , Ne + He 7 , and Ne + He 11 . For the graphs in the left column of Fig. 7 , the original particle numbering was retained, thereby respecting that the helium atoms are indistinguishable. For the graphs in the right column, helium atoms were renumbered prior to binning according to their distance from the neon atom so that the coordinate system stays along the coreion axis, with negative z corresponding to the stronger coreion bond. Thus the distributions in the left column respect helium-atom indistinguishability, while the conditional probabilities in the right column highlight the asymmetry of the wave function when the short core-ion bond is localized to the left of the Ne atom.
Two features of the density distributions shown in the left column of Fig. 7 are especially interesting. First, note that the Ne density stays localized near the origin. This indicates that there is no exchange between the core-ion helium atoms and non-core-ion helium atoms; otherwise, the position of the Ne atom would be much more diffuse. Second, note that in the left-hand column the Ne atom density is symmetrically distributed about the origin of the reference axis. This indicates that quantum tunneling symmetrizes the wave function relative to the asymmetric core-ion geometry, even for the larger ions in the series. Each core-ion helium atom then carries a 0.115 positive charge. For the right side of Fig. 7 , the coordinate system is defined so the short coreion bond is always along the negative z axis, so the Ne atom density is inherently asymmetric in this definition. In this case, 19% of the charge is on the helium atom with the short bond to the Ne and 4% is on the other core-ion helium atom, similar to the result of the potential-energy minimum ͑13% and 2%͒.
It is surprising that the neon density in Fig. 7 is always localized on the reference axis for up to 10 9 random-walker steps. If exchange between the core helium atoms and those only loosely bound to the core were a feasible process, the atoms arbitrarily labeled ͑1͒ and ͑2͒ would eventually occupy any possible position within the cluster, and the Ne density distribution would be diffuse. Instead, active exchange is observed only within each of the two groups of helium atoms participating in the core and those forming the outer shell, respectively. Thus the barrier for helium-atom exchange between the core and the solvation shell is high enough to yield only very low amplitudes for the shell helium wave functions inside the core ion. A single exchange event between the core and the outer cloud occurred for Ne + He 11 after about 5 ϫ 10 8 random-walker steps. This shows that the DMC code does not inherently discriminate against exchange. What is, in principle, a failure of ergodic sampling is a valuable tool to estimate the relative importance of barriers between equivalent particle arrangements. Ergodicity with respect to exchange processes can be ensured by activating a random-particle-swapping flag in the DMC code. Results for energies, expectation values, and radial and pair distribution functions are invariant to this intervention.
The distributions in the right column of Fig. 7 are surprisingly symmetric, given that the coordinates were defined to maintain the maximum possible asymmetry. For the classical potential-minimum structures of Ne + He 5 and Ne + He 7 , the noncore atoms are completely localized at z Ϸ −1 Å. It is expected that the quantum distributions are broader than the classical limit. However, that the broadening is so extensive as to make the distributions nearly symmetric relative to the z axis is surprising. This near symmetry of the wave function is a generalization of the fact that in Ne + He 3 the wave function samples both the global, lL or rR, minimum and the secondary, lR or rL, minimum, and all the saddles in between. For higher n, where helium atoms are forced to be in the shallower minimum, they can exchange with helium atoms in the deeper minimum. A final important insight gained from Fig. 7 is that for Ne + He 11 there is already an extensive delocalization of the outer helium atoms onto the ends of the core ions. Again, this is a zero-point energy effect that eliminates the magic numbers predicted on the basis of potential energy alone.
In lieu of showing complete density distribution plots for the other ions in the series, Fig. 8 shows only the radial He-atom distribution functions for n =2, 3, 5, 6, 7, 9, 11, and 13. The sharp peak nearest the origin ͑the Ne atom͒ is due to the two tightly bonded helium atoms of the Ne + He 2 core ion. The shape of this peak is independent of cluster size, and is asymmetric due to delocalization over the He-Ne core-ion bonds and the saddle-point configuration. Starting with n = 3 a second maximum appears at r = 2.6 Å due to "belt" helium atoms. The density of this peak increases with additional helium atoms and its shape remains constant from three to seven helium atoms. Above n = 7, the peak saturates and additional atoms add a long-range tail to the radial density distribution. This illustrates the rapid divergence of the quantum density distributions from classical packing. For classical packing the second peak in the distribution would not saturate until n = 12, with two 5-member rings about the core ion. Helium atom density begins to spread to the ends of the core ion starting at Ne + He 8 and is quite pronounced by FIG. 7 . Contour representations of particle densities relative to the z axis defined by the two core-ion helium atoms as discussed in the text. The lowestdensity contour is at 0.01 Å −3 and the subsequent contours are equally spaced with increments of 0.01 Å −3 . The compact structure near the origin corresponds to the Ne atom. The diffuse clouds are due to the noncore helium atoms. Note especially that for Ne + He 11 the two classical belts are clearly defined in the quantum structure, but excess helium density is already spilling onto the ends of the core ion, a nonclassical behavior.
FIG. 8. Radial helium density He relative to the neon atom for Ne + He n , n = 2, 3, 5, 6, 7, 9, 11, and 13. Note the pronounced asymmetry of the sharp peak near 1.6 Å due to the asymmetric core ion. For n =3-7 a second density maximum at 2.6 Å indicates the sequential filling of the "belt" region around the core ion. Above n = 7, additional helium atoms form a diffuse cloud that spreads beyond the belt region. Ne + He 10 . The helium atom density on the inner rings around the core ion saturates for n = 9. The integrated density in the "ring volume" for the larger clusters corresponds to a total of seven helium atoms compared to the value of 10 predicted by the potential energy.
The largest cluster we examined with DMC is Ne + He 14 . For this ion, the density plot indicates that helium atoms are starting to expand beyond the ends of the core ion into the next shell. Still, the energy required to remove the 14th helium atom from Ne + He 14 is 28 cm −1 , which is five times the large cluster limit. It would be very interesting but demanding to extend the current calculations to larger clusters to determine how quickly the cloud expands and the binding energy of the last helium atom approaches the bulk limit.
VI. COMPARISON OF EXPERIMENT TO THEORY
To briefly summarize the results presented above, the mass-spectrometer fragment distributions for Ne + He n , in contrast with those of both He n + and Ar + He n , show no evidence of any magic numbers or shell-filling phenomena. Although this result was initially quite surprising, the DMC calculations show that the Ne + He n cluster energy, as a function of n, drops smoothly and monotonically for n Ͼ 5. Even with the additional insight of the DMC results, there are still several puzzles. First, why are the core ion peaks, Ne + He and Ne + He 2 , not more intense in the mass spectrometer data? Second, why does Ne + He 11 appear to be a magic number in the ion drift experiments? Finally, now that we understand the energies for the series of Ne + He n ions, what does this tell us about He n + and Ar + He n ? Why does zero-point energy not smooth out the changes in the cluster energy versus n for these species the way it does for Ne + He n ? Although neutral helium clusters are the ultimate quantum cluster system, it was expected that ionic clusters of helium would have a "more classical" core ͑which includes the first shell of helium atoms͒ surrounded by the quantum fluid. Thus the explanation of the particular stabilities of Ar + He 12 and He 14 + as due to icosahedral shells of helium around the Ar + and He 2 + core ions, respectively, was easily accepted. In this regard, the series of Ne + He n ions may be unique. Because the core-ion charge is asymmetrically distributed over three atoms, the potential-energy surface is uniquely complicated. There are many local minima separated by low barriers and smaller distinctions between the possible solvation shells. Also, the classical geometries of the first-shell helium atoms are unusually compact. Thus, it is not too surprising that the wave function spans multiple minima. In contrast, the potential energy to remove the nth helium atom from Ar + He n is almost constant for 3 ഛ n Ͻ 12, with much smaller values for n Ͼ 12. 15 This could be considered the "normal" case for filling the "first shell." Both the mass spectrometry reported here and previous ion drift experiments 16 are consistent with this picture. The n = 12 ion is considerably favored over the n = 13 ion for Ar + He n since zero-point-energy effects do not mask the shell-filling phenomenon. This is partially due to the larger radius of Ar + relative to Ne + . Using the DIM potentials as a guide, and ignoring contraction of the core ion, a shell of 12 helium atoms around a Ne + ion would be expected to have a radius of about 2.6 Å, while a similar shell around an Ar + ion would have a radius of about 2.9 Å. 15 Thus the volume of phase space around the Ar + ion is considerably larger, reducing the importance of zero-point energy. The spherical symmetry of the core ion also implies that the main effect of the zero-point energy is to increase the radius of the first shell and does not affect the shape of the helium distribution.
The case of pure helium cluster ions is perhaps the most confusing of all. In one limit, they might be considered to be a set of helium atoms loosely attached to a nearly spherical, J =0, He 2 + core ion. 26 Such a dynamically averaged core ion would be expected to have a radius even larger than Ar + , thus diminishing the effects of potential energy and explaining the stable, icosahedral He 14 + ion. It seems likely, however, that the third helium atom, for which the incremental bond energy is 0.14 eV ͑1200 cm −1 ͒, will cause the core to be rather nonspherical. For higher members of the series, up to n =7, ab initio calculations predict no particularly stable structures.
14 A DMC-DIM analysis such as the one presented here for He n + ions would be very interesting. So far, a reliable DIM for He n + has proven to be elusive. 11, 27 Clearly, this is a system that would benefit from further theoretical analysis.
The mass spectrometry and the ion drift experiments are generally in accord, but there are differences in the details of observations. In particular, the ion drift experiment indicates extra stability for Ne + He 11 . With the added insight of the DMC results, it seems highly unlikely that this ion has any significant energy advantage over Ne + He 10 or Ne + He 12 . This forces us to propose that the explanation for the ion drift result is due to a dynamical constraint on the formation of Ne + He 12 .
One possibility for such a constraint is that, due to the expansion of the "He cloud" around the ends of the core ion, Ne + He 12 has a considerably larger collision cross section than does Ne + He 11 . Such a subtle effect will require a demanding analysis to be confirmed or vitiated. Fragment distribution studies of size-selected neutral clusters would help separate thermodynamic and dynamic effects, but such experiments would require a significant advance over present size-selection technology.
VII. CONCLUSIONS
We have shown that there is no evidence for magic numbers in the mass spectrum of Ne + He n . We have presented quantum Monte Carlo calculations of the Ne + He n wave functions versus n that explain this previously surprising result. The global potential-energy minima of the cluster ions are so geometrically constrained that they are rarely sampled by the quantum wave function for n Ͼ 6. Instead the zero-point energy increases rapidly with n, obscuring any variations in the potential-energy trend. Analysis of the quantum density distributions show that the non-core-ion helium atoms are much more symmetrically distributed than expected from the potential-energy surfaces. In addition to normal zero-point broadening of the distributions, tunneling of the Ne + He 2 ionic core effectively averages out the asymmetric core-ion potential. An analogy that helps us understand this problem is that of helium atoms attached to an ammonia molecule Structure and stability of Ne + He n J. Chem. Phys. 123, 064312 ͑2005͒
that is tunneling between its equivalent pyramidal structures. As with ammonia in helium clusters, 28 a study of the excited vibrational levels and the infrared transition intensities for Ne + He n clusters would be very interesting. Finally, we find surprisingly low probability for exchange between the helium atoms in the ionic core and those in the first solvation shell. We expect that the results will be quite different for Ar + He n in this regard. In the light of the DMC results presented here, the occurrence of magic numbers for He n + and Ar + He n are a bit surprising. For these two ionic cluster systems, zero-point energy does not completely blur the changes in the potential energy versus n. An analysis similar to the one presented here for these analogous systems will help explain this new mystery.
